. Recent developments in reward theory suggest that the latter may be achieved through the increased weighting of 'teaching signals' computed from feedback related to the success of a given course of action, so that the respective action may be re-inforced. This view has received experimental support in the context of explicit choices between actions [2] , but whether it is relevant to the trial-to-trial learning of a single action, such as a tennis return, remains unclear. We previously showed the existence of an evoked activity in the basal ganglia that correlates with accuracy of performance in a simple task and is associated with reiteration of successful motor parameters in subsequent movements [3] . Here we establish that motivation increases the amplitude of this evoked activity for a given trial accuracy, thus promoting trial-to-trial learning.
It is axiomatic that motivation improves learning, a principle repeatedly stressed both in the classroom and on the sports field. Motivation's influence over learning can be considered twofold: a general arousing or energising effect, and a more goal-specific component
We studied eight patients who underwent ameliorative functional neurosurgery on the subthalamic nucleus (STN) of the basal ganglia (see Table S1 in the Supplemental data available on-line with this issue). The subjects were implanted with bilateral STN stimulating electrodes through which electrophysiological recordings could be made. Each patient had Parkinson's disease, and STN recordings were made after treatment with the dopamine precursor levodopa, so as to help reverse the dopaminergic deficit present in this condition. Local field potentials (LFPs) were recorded while patients engaged in a computer 'game' in which they would start the movement of a spot on the left of a computer screen by pressing a push-button held in one hand and then, as accurately as possible, stop the spot as it crossed a target line in the middle of the screen by pressing a second push-button held with the other hand. Subjects quickly reached asymptotic performance and we deliberately allowed patients time to practice before recording so as to limit confounds introduced by learning dynamics. Accordingly, differences in the effectiveness of trial to trial learning were manifest in the value of the asymptotic error, here quantified as the mean absolute error.
Trials occurred during two kinds of block, which were repeated and randomized in their order of presentation. In one, patients were motivated by the reward of virtual money in proportion to their accuracy (high motivation trials) and in another, patients were simply told to practice (low motivation trials). Patients were requested to perform 100 high motivation and 100 low motivation trials with each hand stopping the spot trajectory. First, we analysed data for a given hand stopping the spot trajectory where there was a clear behavioral consequence of motivation (10 out of 16 hands, eight patients), as attested by significantly better accuracy during high than low motivation trials (high motivation trials absolute error 50.4 ± 4.3 ms, low motivation 65.3 ± 5.3 ms, t [9] = 4.415, p = 0.002, two way paired t-test).
We sought differences in the correlations between the error in each trial and the amplitude of the STN LFP that followed in the two trial types ( Figure 1 ). As error can be positive or negative, and the biggest changes in LFP amplitude (whether positive or negative in polarity) have been previously found to occur with the smallest error [3] , we took the logarithmic transform of the absolute error in each trial and correlated this with the amplitude of LFP activity across time. The resulting time-evolving coefficients of determination (square of the correlation coefficient) were separately averaged for all contact pairs of each electrode ( Figure 2A ) and for the contact pair with the highest coefficient of determination for each trial type ( Figure 2B ). The procedure was repeated for both the left and right hand stopping the spot trajectory. Motivation increased the coefficient of determination from around 250 to 500 ms after the spot movement was stopped, thereby strengthening the relationship between subthalamic activity and performance.
Equally importantly, analysis of data for a given hand stopping the spot trajectory where there was no difference in performance between high and low motivation trials (6 out of 16 hands, six patients) demonstrated no difference in the coefficients of determination between the log absolute error and the mean LFP amplitude for the two trial types (see Supplemental The accuracy of coding of trial error by neuronal population activity as reflected by mean LFP amplitude over the 100 ms period of highest correlation depends on both the consistency and gradient in the relationship between trial error and amplitude. Accordingly, we also determined whether the improvement in amplitude-error correlations with motivation entailed a steepening of the gradient of the relationship between variables. There was a 46.6 ± 12.5% increase (t [19] = 3.725, p = 0.001) in absolute gradient of the regression line of the contact pairs with the best correlations in high motivation trials. Thus, when motivated there is increased scaling of the amplitude of evoked activity with trial error. This would act to heighten the value of off-line feedback processing in determining motor parameters for the next trial [3] , thereby contributing to the greater overall accuracy in high motivation trials. Feedback related processing in the STN may elaborate inputs from the cerebral cortex, which can be direct or through the striatum [4] . Activity in the STN, in turn, would act to disfacilitate cortex [4] and limit possible changes in motor parameters prior to the next trial. This effect would be greatest after accurate performance.
The basal ganglia's role in processing feedback used in the offline optimisation of motor performance is modulated by motivational level. This interaction, together with any effect on general arousal [1] , helps explain why motivation improves the trial-to-trial learning of a single motor task, and is in line with evidence of a similar interaction in the basal ganglia between motivational levels and the processing of feedback to guide more cognitive behaviour [2] . Indeed, the parallels in the basal ganglia between the feedback processing related to optimisation of motor performance and that governing more complex behaviour are striking. Phasic dopamine release appears important in both [5] [6] [7] , and both involve positive feedback [3, 8, 9] and rely on a sense of agency [3, 10] . A picture All four of the synesthete subjects (S1-S4, ages 23-33, 1 woman) had normal visual acuity and no known hearing or neurological deficits. Their visually-induced sound perceptions occur automatically, cannot be turned off, and have been experienced for as long as they can remember going back into childhood. The percepts are typically simple, non-linguistic sounds (such as beeping, tapping or whirring) that are temporally associated with visual flashes or continuous visual motion. Eye movements over a stationary scene (retinal motion) do not typically evoke sound. In daily experience, all four subjects are generally able to distinguish their synesthetic sound percepts from percepts induced by real auditory stimuli, but occasional confusion exists. We refer to this phenomenon as 'hearing-motion' synesthesia, even though non-moving visual flashes also trigger sound perception as demonstrated next.
Our goal was to devise a task for which hearing-motion synesthesia would confer a performance advantage, as this would be strong objective evidence for the perceptual experience [4] . Typically (in non-synesthetes), people have an advantage in judging rhythmic patterns of sound compared to equivalent visual rhythmic patterns [7, 8] . We thus predicted that synesthetes would perform better than controls in a task involving visual rhythmic sequences because synesthetes would not only see, but also hear the patterns.
The sound of change: visuallyinduced auditory synesthesia Melissa Saenz and Christof Koch
Synesthesia is a benign neurological condition in humans characterized by involuntary cross-activation of the senses, and estimated to affect at least 1% of the population [1] . Multiple forms of synesthesia exist, including distinct visual, tactile or gustatory perceptions which are automatically triggered by a stimulus with different sensory properties [1] [2] [3] [4] [5] [6] , such as seeing colors when hearing music. Surprisingly, there has been no previous report of synesthetic sound perception. Here we report that auditory synesthesia does indeed exist with evidence from four healthy adults for whom seeing visual flashes or visual motion automatically causes the perception of sound. As an objective test, we show that 'hearing-motion synesthetes' outperformed normal control subjects on an otherwise difficult visual task involving rhythmic temporal patterns similar to Morse code. Synesthetes had an advantage because they not could not only see, but also hear the rhythmic visual patterns. Hearing-motion synesthesia could be a useful tool for studying how the auditory and visual processing systems interact in the brain. therefore emerges whereby one of the key functions of the intact basal ganglia is to link positive outcomes to subsequent behaviour, whether predominantly cognitive or motor in its demands, and to modify this relationship according to motivational state.
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